Males of many species exhibit conspicuous traits that mediate competition for mates. Male coenagrionid damselflies usually exhibit bright sexually dimorphic coloration patterns. However, there is a lack of evidence on the role of these visual traits as signals in intraspecific communication. Therefore, we addressed whether face pigmentation is selected via intrasexual competition in males of the tiger damselfly Tigriagrion aurantinigrum (Zygoptera, Coenagrionidae). We observed 35 males, noting their territorial status and contest outcome. We measured head orange markings in male heads using photographs and a script for MatLab language. Winners had increased head orange pigmentation when compared to losers. Post-ocular pigmentation was positively correlated with male body size, but not body mass. Male head coloration also predicted the time budget spent on territorial patrols. Our results suggest that orange pigmentation on the post-ocular area of the head shows a hyperallometric pattern and may be an honest signal of male quality, predicting contest outcome and the competition for territories in tiger damselflies.
INTRODUCTION
Males of many species exhibit conspicuous visual signals that are selected via intra-and intersexual interactions, thus mediating competition for mates. For instance, the colourful wings of damselflies (Guillermo-Ferreira & Del-Claro, 2011; GuillermoFerreira et al., 2015a; Xu & Fincke, 2015) , facial pigmentation in paper wasps (De Souza et al., 2014) and colourful body stripes in cichlid fishes (Rodrigues et al., 2012) have all been shown to predict male reproductive success. Such coloration patterns are considered indicators of an individual's quality, and therefore, often mediate intra-and intersexual communication (Andersson, 1994) .
Integument or skin coloration in animals may be derived from several substances, such as melanin, carotenoids and pteridines, which are considered honest indicators of male quality. Hence, male resource holding potential ('RHP', Parker, 1974) indicators (such as pigmentation), which act as surrogates of male quality, usually directly correlate with male capacity to patrol and defend a territory, its ability to perform sexual displays to females and also its immune-competence, favouring male longevity (Hooper, Tsubaki & Siva-Jothy, 1999; Cordoba-Aguilar, 2002; McGraw et al., 2005; Hamilton, Whiting & Pryke, 2013) . Such coloration patterns are usually considered sexual ornaments which are costly to produce and/or maintain. These are then called honest signals because of their intrinsic relationship with the ability of males to invest in a visual character without jeopardizing its *Corresponding author. E-mail: rhainerguillermo@gmail.com physical reserves. Thus, they honestly indicate physiological condition or territorial status (Zahavi, 1975) .
In Odonata, male pigmentation often mediates conflict resolution and female mate choice. For example, in some Hetaerina damselflies, wing pigmentation is correlated with male fat reserves, immune-competence and muscle mass (Contreras-Garduño, CanalesLazcano & Córdoba-Aguilar, 2006) , which influence contest outcome (Guillermo-Ferreira & Del-Claro, 2011) . In some Calopteryx, males with more pigmented wings were more successful in acquiring mates (SivaJothy, 1999) , and body metallic coloration may predict male territorial status (Fitzstephens & Getty, 2000) . Male wing pigmentation affects mate recognition and territory defence in Mnesarete pudica (GuillermoFerreira & Bispo, 2012; Guillermo-Ferreira et al., 2015a) . Also, in female Coenagrionids (e.g. Ischnura) body coloration can influence mating rates (Svensson, Abbott & Hardling, 2005; Gosden & Svensson, 2009; Sanmartín-Villar, Zhang & Cordero-Rivera, 2016) .
Studies have indicated that male coloration predicts territory acquisition and maintenance in odonates, and therefore, territorial behaviour (Siva-Jothy, 1999; Fitzstephens & Getty, 2000; Córdoba-Aguilar, 2002; Guillermo-Ferreira et al., 2015a) . However, wing or body pigmentation has costs (e.g. resource acquisition to synthesize pigments and increased predation risk) (Fowler-Finn & Hebets, 2011; Kemp & Grether, 2015) . Hence, males in poor physiological condition may adopt an alternative mating tactic, actively searching for females in territories (Fincke, 1985; Forsyth & Montgomerie, 1987; Contreras-Garduño et al., 2006; Raihani et al., 2008; Guillermo-Ferreira & Del-Claro, 2012a, b) .
In coenagrionid damselflies, males often exhibit sexually dimorphic conspicuous body coloration but there is little evidence for the role of such coloration patterns in mediating territorial behaviour. Male-male agonistic encounters in damselflies usually consist of face-to-face aggressive displays (Robertson, 1985; Guillermo-Ferreira & Del-Claro, 2012a; GuillermoFerreira et al., 2014) , which may involve head pigmentation as a visual signal. Many damselflies have conspicuous spots on the post-ocular region of the head. In paper wasps, black spots on the head are used as intrasexual signals of quality (De Souza et al., 2014) . Here we hypothesize that facial pigmentation in damselflies are traits that are also used in visual communication and predict male territoriality.
Using the male tiger damselfly Tigriagrion aurantinigrum (Zygoptera: Coenagrionidae) we first explored whether face coloration is selected via intrasexual territorial competition. These insects exhibit conspicuous and variable male brindle black/orange pigmentation patterns on the head, a unique character among coenagrionids that gives the species its name (Garrison, Von Ellenrieder & Louton, 2010) . We used static allometry to address whether males are under selective forces that favour the evolution of head coloration via male competition (Olsson, 1994; Rosenberg, 2002; Bonduriansky, 2007a, b) . Static allometry is the variation in size of a particular trait in relation to another trait, such as body size or developmental stage. It is often described as the slope in the equation Y = aXb, where Y and X are measures of trait and body size. This slope can be positive (>1, hyperallometry), isometric (=1) or negative (<1, hypoallometry) (Córdoba-Aguilar et al., 2015) . Sexual selection theory predicts that males evolve hyperallometric traits that mediate contests and mate choice (Andersson, 1994) . Such elaborated ornaments usually increase disproportionally with body size, mainly because costly secondary sexual traits are condition dependent and under high pressures of sexual selection rather than natural selection (Simmons & Tomkins, 1996; Lüpold et al., 2016) . Although hyperallometric patterns are frequent, this is not always true for a wide range of taxa (Bonduriansky & Day, 2003; Kelly, 2014) . Positive allometry should only evolve when the gains of investing in an augmented trait are greater for large males than smaller ones (Bonduriansky & Day, 2003) . Since contests are costly, selection usually favours the evolution of visual traits that signals the likelihood of winning a fight, whereas only high-quality (larger) males are able to overcome the costs of visual signalling (Plaistow & Silva-Jothy, 1996; Cordoba-Aguilar, 2002 ).
Second, we tested whether facial spots predict male territorial effort and the outcome of territorial contests. We expected that males with larger orange face patches would win more contests and spend a larger portion of their time budget on territorial activities (patrolling and fighting). Since body mass and size are often related to individual condition and territorial behaviour (Contreras-Garduño et al., 2006) , we also analysed the effects of these variables on contest outcome. Third, we investigated whether the orange pigment was pteridine-or carotenoid-derived, since the characterization of the pigment could indicate the costs of obtaining or synthesizing the visual signal. In other words, to afford the orange coloration, the damselfly may be more susceptible to extra risks (e.g. predation) and extra costs (e.g. obtaining food).
METHODS

Study area
Field research was conducted in a palm swamp area (or 'vereda', see Vilela et al., 2016) during 21 days between October and December 2014. Palm swamps are endemic freshwater environments with great biodiversity and occur throughout much of the Neotropical Savanna (Fonseca, 2005; Vilela et al., 2016) . The studied stream is located at a vereda inside the Ecological Reserve of Clube de Caça e Pesca Itororó in Uberlândia, southeastern Brazil, which comprises a 640 ha area of preserved cerrado vegetation (altitude 863 m; 640 ha; 18°59′00″S; 48°17′44″W).
Behavioural oBServationS
Prior to observations, each male was collected with an insect net, marked with an indelible black pen to give an individual number on the right forewing, measured with a digital caliper (0.01 mm) and then released. This marking method has no interaction with the analysed behaviour (Cordero-Rivera & Stoks, 2008) . Body size was measured from the tip of the head to the end of the abdomen, excluding appendages. Focal behavioural observations on 35 marked territorial males were then conducted in sessions of 15 min between 10:00 and 14:00 h. Males were observed only once to avoid pseudoreplication. A male was scored as being 'territorial' if it kept defending a territory (1 m 2 ) during the day of observation. Males that lost fights and abandoned the territory during the focal observations were considered losers of a contest and males that won fights and returned to the territory were considered winners of a combat. We then quantified the number of wins and losses for each male during the 15 min observation sessions and set males with most wins as 'winners' and males with most losses as 'losers'. We used this method to categorize males according to its general winning potential, since contests in damselflies can be a result of several bouts between two or more individuals (Pajunen, 1966a, b; Wolf & Waltz, 1984; Corbet, 1999) . The duration of fights and patrols were measured as male time budget spent with territorial activities, which is an indirect indicator of territorial/reproductive effort (Marino, 2012; Velde et al., 2012) . These measurements were made using a Casio W-735H Chronometer. Males were then collected and taken to the lab for further analyses. In the laboratory, males were weighed (wet mass) to the nearest 0.0001 g with a scale (Mettler-Toledo), and their heads were removed to quantify head pigmentation (see below).
Male viSual trait
To assess whether head pigmentation predicted the outcome of male-male agonistic interactions and territoriality, we used a method in MatLab programming language (Supplementary file 1). First, we photographed the post-ocular area of the dorsal surface of the head with a digital camera (Canon 1200D, EF 100 mm Macro lens) (Fig. 1A, B) . The minimal focus distance for this lens is 0.31 m, so the samples were positioned at this distance from the lenses. We carefully standardized the photographed angle of the heads by adjusting the tripod, so all the post-ocular area could be photographed. As we tested the position, the images were taken equally, without moving the tripod or adjusting the lens focus. Then, we calculated the post-ocular total area and the area covered by black pigment by manually marking these regions and assigning them to the darkest intensity level (Fig. 1C, D) . We next subtracted the black area from the total post-ocular area to obtain the total area covered with orange pigmentation (Fig. 1E, F) , considering the amount of pixels from these areas. In this way, we were able to standardize size difference by measuring the percentage in pixels. Finally, we analysed whether the orange area predicted contest outcome and territorial activity (time spent on patrols and fights). We analysed the replicability of this method and showed it to be highly replicable (simple regression, β = 0.999, P < 0.00001). We also assessed the allometric relationship between male body size and head pigmentation, since such relationship may indicate condition-dependence and selection acting on male coloration (Bonduriansky, 2007a) .
Carotenoid and pteridine analySeS
To identify the chemical characteristics of the head pigments (pteridines or carotenoids), we performed two assays based on the methods of McGraw et al. (2005) , Kikuchi & Pfennig (2012) and Hamilton et al. (2013) . For both assays, we used two samples of 10 mg containing 12 T. aurantinigrum male heads. First, we addressed whether the pigment is carotenoid based. We added 1 mL of acidified heated pyridine and placed it in a 95 °C bath to unbind any possible carotenoids present in the tissue. A solution with no samples was used as a negative control. After 4 h, if the solution was coloured (indicating the presence of carotenoids), we added 2 mL of distilled water and 1 mL of ethyl acetate (C 4 H 8 O 2 ), an organic solvent. If the upper solvent phase was colourless, the absence of carotenoids was indicated. Then, after 5 min in the centrifuge, two separated phases of substances could be observed, according to its polar and non-polar characteristics. If any carotenoids were present, the non-polar upper phase of the solution was coloured orange (McGraw et al., 2005) .
The presence of pteridines was assessed by placing 10 mg of male heads in an assay tube. We then added 1 mL of 1 N NH 4 OH to dissolve any possible pteridines and homogenized for 1 min. Next we added 0.5 mL of ethyl acetate and centrifuged the tube for another minute. This allowed the removal of organic pigments such as carotenoids from the polar phase. An orange aqueous polar phase was attributed to the presence of pteridines (Kikuchi & Pfennig, 2012) .
StatiStiCal analySeS
The relationship between male traits (body size, mass and orange pigmentation) and fight outcome was analysed with a Binomial Generalised Linear Model, defining male traits as predictor variables, and winner/loser identity as a dependent variable. The relationship between body size, body mass and head pigmentation was analysed with a multiple regression, setting pigmentation as the dependent variable and body size and mass as independent. Likewise, the relationship between time budget and head pigmentation was analysed with multiple regression, setting pigmentation as the dependent variable and time budget spent patrolling/fighting as independent. Data analyses were made using Statistica 10.1 software, and programming was performed in MatLab language.
For the allometric analyses, we used standardized major axis (SMA) regressions (Legendre & Legendre, 1998; Warton et al., 2006) . The SMA line fitting method was chosen because it minimizes the distance between sample points and the line, which reflects the variances in both directions of the relationship between traits, (Warton et al., 2006; Stillwell et al., 2016) . Hence, by assuming that distances from the fitting line in the X and Y directions have equal importance, the SMA is considered to be more appropriate for allometry analyses because it summarizes the relationship between two traits in a single dimension, instead of analysing the correlation between dependent and response variables (Warton et al., 2006) . We also analysed the correlation between body size, mass and pigmentation since SMA does not assess such relationships (Legendre & Legendre, 1998; Quinn & Keough, 2002) . When coloration showed a positive allometry in relation to body size, we expected a slope >1 in the confidence intervals (Córdoba-Aguilar et al., 2015) . The analyses were made using the R software (R Core Development Team, 2012 ) and the smatr package (Warton et al., 2006 (Warton et al., , 2012 Warton & Ormerod, 2007) . Results were recorded as mean ± SD.
RESULTS
Behavioural oBServationS
We observed 118 'face-off ' interactions between T. aurantinigrum males (N = 35). This behaviour occurred whenever a male invaded another territory. A T. aurantinigrum male territory usually measures 1 m 2 and the observed densities were low, not exceeding two males per metre. The males faced-off each other, and the winner chased the invader out of the territory. Whenever a male faced-off another male, they remained hovering face-to-face, about 3 cm far from each other, and then engaged in constant vertical and diagonal movements, bobbing in up and down directions (Fig. 2D) . Additionally, we also observed interspecific interactions of T. aurantinigrum males with other Coenagrionid species, such as Telebasis carmesina and Acanthagrion truncatum.
Male viSual trait
Winner males exhibited larger orange patches (58.8 ± 10.4% of the post-ocular area) of pigmentation when compared to loser males (42.1 ± 8.8%) (Student t-test; t = 5.081, P = 0.00001; Fig. 2A and Table 1 ). Postocular pigmentation was positively correlated with male body size (multiple regression, β = 0.461, t = 2.259, P = 0.03, N = 35, Fig. 2B ), but not body mass (multiple regression, β = 0.249, t = 1.22, P = 0.231, N = 35).
After controlling for possible effects of body size and mass, we found that male orange facial coloration predicted contest outcome (Table 1) . Contests were not influenced by male body size and mass (Table 1) . Male head pigmentation also predicted the time budget spent with patrolling flights (multiple regression, β = 0.462, t = 2.952, P = 0.005), but not time fighting (multiple regression, β = 0.152, t = 0.974, P = 0.337). The allometric analyses using the SMA method showed a positive allometry between body size and head orange pigmentation (slope = 7.23, CI = 5.556-9.407, R 2 = 0.434, P = 0.00001, Fig. 2c ). 
Carotenoid and pteridine analySeS
The carotenoid assay was efficient in the extraction of the head pigments. After the addition of organic solvent, followed by centrifugation, the pigmented portion remained in the lower polar (acidified pyridine) phase, while the organic non-polar (C 4 H 8 O 2 ) phase remained colourless, thus refuting the presence of carotenoidbased pigments. The pteridine assay successfully extracted the head pigments. Even before centrifuging, the 1 N NH 4 OH solution started to extract the pigments from the tissue. After the addition of the organic solvent and centrifugation, the lower (1 N NH 4 OH) phase was coloured and the upper (C 4 H 8 O 2 ) phase was colourless, thus suggesting the presence of pteridines.
DISCUSSION
Our results indicate that orange pigmentation on the post-ocular area of the head may predict contest outcome and time spent in patrolling flights in tiger damselflies. Furthermore, the orange facial coloration showed a hyperallometric pattern, indicating that male head coloration is under selective forces via male competition (Olsson, 1994; Kelly, Godin & Abdallah, 2000; Eberhard, 2002) . Male body size and mass are also good predictors of competitive ability in odonates (Fincke, 1982; Grether, 1996; Serrano-Meneses et al., 2007; Schneider & Wildermuth, 2009; GuillermoFerreira & Del-Claro, 2012a, b) . However, these traits did not determine fight outcome in T. aurantinigrum. To the best of our knowledge, this is the first evidence of facial visual signals in Odonata.
Head pigmentation in T. aurantinigrum was also related to body size, indicating that larger males also have exaggerated facial orange spots. Body size often correlates with male quality and physiological condition in odonates (Tsubaki & Ono, 1987; Plaistow & Silva-Jothy, 1996; Sokolovska, Rowe & Johansson, 2000) , predicting male competitive ability and reproductive success (Guillermo-Ferreira & Del-Claro, 2012b) . Therefore, our results suggest that head pigmentation in T. aurantinigrum may be conditiondependent signals of male fighting ability (Hamilton et al., 2013) .
In damselflies, males face-off each other during fights without physical aggression (Robertson, 1985; Guillermo-Ferreira & Del-Claro, 2012b; GuillermoFerreira et al., 2014) , which is a common strategy for resolving conflict in several animal taxa (Pie & DelClaro, 2002) . Tigriagrion aurantinigrum males usually adopt a non-contact fighting strategy and use visual signals for conflict resolution (see Guillermo-Ferreira et al., 2015a) . Hence, non-aggressive contests support our initial hypothesis that head visual traits function as status signals in insects to avoid costly interactions. Since no fight escalated to physical combat, male tiger damselflies probably assess the visual signals of rivals, as observed in other damselflies (Guillermo-Ferreira et al., 2015a; Xu & Fincke, 2015) . In this context, conflicts may favour larger and stronger males that consequently secure better territories, which may result in increased reproductive success (Cordoba-Aguilar, 2002) . Here, our results support this hypothesis because larger males with larger orange spots won more contests and showed an increased territorial activity.
The pigment identification results suggest that the orange colour of the head is pteridine-based. Under the described experimental conditions, we found no evidence for the presence of carotenoids in the postocular patches of the males. In several animal taxa, such carotenoid coloration patterns may be considered honest signals of male quality, indicating fight ability and dominance (Zahavi, 1975 (Zahavi, , 1977 Berglund, Bisazza & Pilastro, 1996; McGraw et al., 2005; Hamilton et al., 2013) . Similarly, melanin and pteridines have recently been shown to play a similar role in animal communication (Grether, Hudon & Endler, 2001; Griffith, Parker & Olson, 2006; Izzo & Tibbetts, 2015) . The ability to obtain the materials needed to synthesize melanin and pterins has revealed to be equally difficult. Pteridines are nitrogen-rich, which is not a restricted resource in carnivores. Nevertheless, variations in prey capture rates during the larval stage may result in differences in individual male coloration. Since coenagrionid adults live for a short time, most of the resources available for coloration building derive from larval development -mainly because coloration is fixed after exoskeleton sclerotization in the adults and, hence, do not vary along adult lifespan. Thus, such pigments may also be considered condition-dependent and good indicators of male quality (Griffith et al., 2006; Izzo & Tibbetts, 2015) .
Furthermore, pteridines may be involved in physiological processes, such as oxidative stress reduction and a positive role in the immune system (Weiss et al., 2011) . Another feature of pteridines is its potential relationship with behavioural aspects. For instance, pteridine levels in the honey bee may be related to age and colony task behaviour (Rinkevich et al., 2016) . Dominance behaviour may also show a relationship with pterin-based visual signals in paper wasps (Izzo & Tibbetts, 2015) . In Odonata, it is known that territorial behaviour may be correlated with juvenile hormone levels and melanin expression (González-Tokman et al., 2012) . Therefore, our results may also indicate a potential similar relationship between pteridines and male territorial behaviour in the tiger damselfly. Indeed, our results suggest that males with larger orange spots exhibit higher patrolling activity. This result may indicate that pterin-based signals may also predict territorial behaviour in Odonata.
Pteridine-derived yellow abdominal spots in paper wasps influence female choice and may predict male quality (De Souza et al., 2014; Izzo & Tibbetts, 2015) . The size of melanin-based head black spot in males of the paper wasp Polistes simillimus may influence contest outcome (De Souza et al., 2014) . In guppies, orange conspicuous markings are multicomponent signals, derived from both carotenoid and pteridine pigments, which finally influence male fitness (KodricBrown, 1989; Grether et al., 2001) . Hence our results add to the literature confirming that conspicuous pteridine-derived body coloration may indicate an individual's quality and ultimately affect male reproductive success.
Another interesting consideration concerns the costs and handicaps on individuals that allocate energy to visual signals, in terms of reduced longevity, parasite susceptibility and reduced fecundity (Zahavi, 1975 (Zahavi, , 1977 (Zahavi, , 2008 Grafen, 1990) . In the case of tiger damselflies, highly ornamented males could suffer from increased predation risk and avoidance due to increased visibility to predators (Fowler-Finn & Hebets, 2011) . Such males may invest more energy and resources in pigment production, with resulting reduced longevity and fecundity (Kemp & Grether, 2015) .
In Odonata, melanin-based wing pigmentation is known as an honest signal of male quality and larval development. For instance, Mnais costalis males treated with a nutrient-rich diet during larval development exhibit darker wings when compared to males that were developed under a protein-deprived diet (Hooper et al., 1999) . In Hetaerina damselflies, the size of the red spot on the wings is an indicator of male fat reserves, immunocompetence and muscle mass (Contreras-Garduño et al., 2006) , presumably selected via male competition (Grether, 1996; GuillermoFerreira & Del-Claro, 2011a ). In Calopteryx (Rantala et al., 2000) and Mnesarete (Guillermo-Ferreira & Bispo, 2012; Guillermo-Ferreira et al., 2015a) such a trait has a dual function in contest resolution, namely mate recognition and female choice.
In conclusion, this study provides evidence for the important role visual traits play in animal communication and conflict resolution. Much attention has been given to different modes of insect communication but we have here highlighted the importance of studying variation of visual communication in different taxa. For instance, among the Odonata, there are several colourful signals, ranging from melanin pigmentation (Grether, 1996; Guillermo-Ferreira & Del-Claro, 2011a; Stavenga et al., 2012; Guillermo-Ferreira et al., 2015a) , ultraviolet reflection (Guillermo-Ferreira et al., 2014; Xu & Fincke, 2015) , fluorescence emission (Guillermo-Ferreira et al., 2014) , iridescence derived from multi-layered interference (Vukusic, Wootton & Sambles, 2004; Schultz & Fincke, 2009; GuillermoFerreira et al., 2015b) , to hierarchical ultrastructure of cuticular wax (Guillermo-Ferreira et al., 2015b) , which have a role in intra and intersexual communication. We conclude that coloration patterns have been selected in different ways in the Odonata, confirming the importance of these insects as models in the study of animal visual communication.
